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Abstract ZnSe nano and microstructures were grown on
Si substrates in high vacuum by thermal evaporation at
different source temperatures ranging from 850 to 950 C.
Morphology, chemical composition and structural proper-
ties of these grown ZnSe nano and microstructures were
studied using scanning electron microscope (SEM) and
transmission electron microscope (TEM). SEM studies
revealed that the morphology of grown structures contains
nanowires, nanobelts and microcrystals. TEM studies
showed that the grown nanowires and nanobelts are single
crystalline in nature with growth direction along [110] of
zinc blende structure. The room temperature photolumi-
nescence (PL) spectra of these nanostructures grown at
different temperatures exhibited a strong broad defect level
(DL) emission peak and a weak narrow near band edge
(NBE) emission peak. Further, the intensity of DL emission
peak was found to increase with increase in source
temperature.
Keywords Thermal evaporation  ZnSe  Nanobelt 
Nanowire  Vapor–Solid growth mechanism 
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Introduction
In recent years, the research interest on growth of semi-
conductor nanostructures has largely increased, due to their
interesting physical and chemical properties (Pal 1999).
ZnSe, a direct band gap (2.8 eV) II–VI semiconductor with
large exciton binding energy (21 meV), has been investi-
gated for potential applications in optoelectronic devices
such as light emitting diodes and laser diodes (Katayama
et al. 1998). ZnSe nanostructures with different morphol-
ogies such as wires, belts, rods and tetrapods have been
synthesized by different techniques such as vapor transport,
metal–organic chemical vapor deposition (MOCVD),
molecular beam epitaxy (MBE) and solution growth
(Ye et al. 2004; Leung et al. 2006; Shan et al. 2006; Cai
et al. 2006; Mazher et al. 2004). Among these techniques,
vapor transport technique is more popular due to its sim-
plicity in growing single crystalline nanostructures with
different morphologies (Ye et al. 2004; Leung et al. 2006).
In the conventional vapor transport process, nanostructures
were grown in a horizontally aligned tubular furnace at
relatively low vacuum (*10-2 mbar to atmosphere) and in
the presence of carrier gas and catalyst (Ye et al. 2004;
Leung et al. 2006). Inclusion of carrier gas and catalytic
particles into the grown nanostructures is the main draw-
back of this technique. These added impurities significantly
affect the optical and electronic properties of the grown
nanostructures. Xiang et al. (2003) reported that the
inclusion of Au catalyst into ZnSe nanowire results in
strong green emission from the nanowire. Philipose et al.
(2008) reported that the ZnSe nanostructures grown in low
vacuum condition exhibits stronger DL emissions than the
much needed NBE emission for optoelectronic applica-
tions. Further, ZnSe nanowires grown by CVD under low
vacuum conditions have unusual PL emission due to the
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formation of oxide layer on its surface (Shen et al. 2006).
Therefore, in order to grow ZnSe nanostructures with good
optoelectronic properties, a technique involving high vac-
uum and metal-catalyst-free growth is required.
In this work, ZnSe nano and microstructures were grown
on Si substrates by thermal evaporation in high vacuum
(10-3 Pa) without employing metal catalyst. ZnSe evapo-
rated from the tantalum boat condenses on the Si substrate
placed above the boat, and grows into different nano and
microstructures. The morphology, microstructure, compo-
sition and optical properties of the grown nanostructures
were studied by SEM, TEM, XRD and PL. The possible
mechanism behind the growth of the ZnSe nano and
microstructures has been discussed in detail in this report.
Experimental
Nanostructures of ZnSe were grown on Si substrates in
high vacuum (10-3 Pa) by thermal evaporation. The
evaporation setup similar to the one used for the growth of
MoO3 nanowires was employed (Zhou et al. 2003; Yuvaraj
et al. 2009). One gram of ZnSe granules (Cerac 99.99 %)
was loaded onto the tantalum evaporation boat and covered
with a perforated tantalum cover. Si substrates cleaned by
acetone, de-ionized water and diluted hydrofluoric acid
were placed over the perforated tantalum cover with an
alumina spacer of 0.2 cm thick as shown schematically in
Fig. 1. The temperature of the evaporation boat was cali-
brated prior to the experiment by an alumina tipped ther-
mocouple. The vacuum chamber was initially evacuated to
1 9 10-3 Pa and the tantalum boat was heated to desired
temperature (850, 900 and 950 C) and held at this tem-
perature for 4 min. After evaporation, Si substrates coated
with fluffy yellow powder product were carefully removed
and used as such for further morphological, structural and
optical studies. Morphology and composition of ZnSe nano
and microstructures were examined by SEM (ESEM
Quanta) attached with energy dispersive X-ray analysis
(EDAX) facility and its structural property was studied by
XRD (Bruker D8, X-ray diffractometer). Microstructure
and chemical composition of the nanostructures were
studied by TEM (Tecnai F30) and X-ray photoelectron
spectroscopy (XPS, Multilab 2000). The PL spectra of the
nano and microstructures grown at different source tem-
perature was recorded at room temperature by ocean optics




ZnSe evaporated from the tantalum boat condenses on the
Si substrate kept above the evaporation boat and grows into
different nano and microstructures. ZnSe powder collected
on the Si substrates at source temperature of 850 C
exhibited two distinct morphologies. The regions with
different morphologies on the Si substrate are schemati-
cally marked as I and II in Fig. 1. Fig. 2a, b show the SEM
image recorded in regions I and II on the Si substrates.
Morphology of the grown product changes with respect to
the distance from the orifice of the evaporation boat.
Region I, which is directly above the orifice of the tantalum
cover, contains randomly grown microcrystals (Fig. 2a).
Region II surrounding region I (*0.3 cm from the center)
contains nanostructures with different morphologies such
as nanobelts and nanowires grown together as shown in
Fig. 2b. The width of the nanobelts varied from 50 to
200 nm, while its length varied from 5 to 6 lm. Further,
the ends of the nano and microstructures were observed to
be smooth and free from catalytic particle. The other
growth temperatures such as 900 and 950o C also resulted
in the growth of ZnSe micro and nanostructures, similar to
the one grown at 850o C (Fig. 2), and hence they are not
shown here.
Structural and compositional studies
XRD patterns of ZnSe nanostructures grown at different
source temperatures (850, 900 and 950 C) are shown in
Fig. 1 Schematic of the
evaporation setup employed for
growing ZnSe nano and
microstructures
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Fig. 3. XRD patterns were observed to be similar and these
peaks were identified to that of the cubic phase of ZnSe, with
lattice parameter a = 0.5668 nm (JCPDS No-371463). Fur-
ther, impurity peaks or peaks corresponding to wurtzite phase
of ZnSe were not observed in the samples grown at 850 and
900 C. However, for the samples grown at 950 C, a small
peak corresponding to (102) wurtzite ZnSe phase was
observed at 2h = 38.12o (Fig. 3). Wurtzite phase of ZnSe is a
metastable phase, which in bulk exists only at high tempera-
ture. The existence of stable wurtzite phase of ZnSe at room
temperature in nanoscale has been reported (Hu et al. 2005).
When ZnSe is evaporated at 950 C, the high growth tem-
perature favors formation of metastable wurtzite phase along
with regular cubic zinc blende phase in grown nanostructures
(Leung et al. 2006).
The chemical composition of the nanostructures was
evaluated by EDAX during SEM analysis. Quantification
of the EDAX spectra has shown the presence of Zn and Se
in the atomic ratio *1. Further, compositional analysis of
these nanostructures was carried out by XPS. The survey
spectrum of the ZnSe nanostructures grown at 850 C was
recorded, then the binding energy obtained in the XPS
spectra was corrected for the sample charging by taking C
1s at 284.6 eV as reference. The peaks corresponding to
zinc, selenium and oxygen were indentified from the sur-
vey spectrum (not shown here) and the extended spectra of
these elements are shown in Fig. 4a–c. Figure 4a, b shows
the peaks corresponding to that of Zn 2p3 and Se 2p at
1,024 and 57.3 eV, respectively. These peaks show that
zinc and selenium present in the sample exist as com-
pounds rather in the elemental form. The peak observed at
533 eV (Fig. 4c) corresponds to O–H bonds from the
chemisorbed oxygen molecules on the surface of the
nanostructure. Since the growth was carried out in high
vacuum (*10-5 mbar), no strong peaks corresponding to
the oxide layer at the surface of the nanostructures were
observed.
Fig. 2 a and b SEM images of
ZnSe micro and nanostructures
grown in regions I and II on Si
substrate at source temperature
850 C
Fig. 3 Indexed XRD pattern of ZnSe nano and microstructures
grown on Si substrates at different source temperatures
Fig. 4 XPS spectra of ZnSe nanostructures grown at 850 C: a Zn
2p3 b Se 2p and c 0 1s peaks
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Microstructural studies
Low magnification TEM image of belt-like nanostructure
is shown in Fig. 5a. HRTEM image and its corresponding
FFT pattern of the nanobelt are shown in Fig. 5b, c.
HRTEM image shows good crystalline nature of the ZnSe
nanobelt and also shows that the grown nanobelt is free
from structural defects such as stacking faults and twins.
The spacing between fringes in the image was measured
using FFT pattern and it was found to be around
*0.328 nm. This d-spacing corresponds to the (111) of
cubic ZnSe, as these lattice fringes are at an angle *35o to
the nanobelt growth axis, the probable growth direction of
the nanobelt is identified to be along [110]. Similarly
HRTEM analysis of other nanowires and belts also
exhibited similar growth directions (HRTEM image not
shown here).
Uniform distribution of nanoparticles on the surface and
edges of nanobelts was observed during TEM analysis
(Fig. 5b). The nature of these nanoparticles and composi-
tion of a nanowire was analyzed by electron energy loss
spectroscopy (EELS) in scanning transmission electron
microscope (STEM). Figure 6a shows the STEM image of
a nanobelt exhibiting such morphology and the corre-
sponding EELS elemental maps of zinc and selenium of the
nanobelt are shown in Fig. 6b, c. Zinc mapping shows an
even distribution of the element zinc all over the nanobelt,
whereas selenium mapping shows the formation of sele-
nium nanoparticles on the surface and in the edges of the
nanobelt. These selenium particles are found to be so thin
that the HRTEM image of the nanobelt is unaffected by the
presence of these particles (Fig. 5b). The formation of
these selenium nanoparticles on the surface of the nanobelt
is attributed to diffusion of selenium from the nanobelt
during TEM studies. One-dimensional (1D) nanostructures
have low melting point than their bulk counterparts. During
TEM analysis, the incident high-energy electron beam
loses a portion of kinetic energy via inelastic scattering,
when transmitting through nanostructures which heats up
the nanostructures under observation. Melting of nanowires
such as Au, Zn, Si and Ge under electron beam irradiation
has been reported (Shi et al. 2007). In our study, instead of
melting, selenium atom diffuses out from the nanobelts to
form selenium nanoparticles on the surface. The d-spacing
in HRTEM images remains same and no change was
observed as the result of selenium diffusion.
PL studies
PL spectra of ZnSe nanostructures grown at different
source temperatures (850, 900 and 950 C) shown in Fig. 7
exhibited an intense broad and a weak narrow emission
peaks. The weak emission peak at 464 nm (inset of Fig. 7)
is attributed to the NBE emission and the broad intense
emission peak from 550 to 850 nm to the DL emission.
Although there are several reports available on the PL
studies of ZnSe, yet the origin behind DL emission remains
unclear (Basu et al. 2008; Philipose et al. 2008). The origin
of DL emission has been related to the growth conditions,
presence of non-stoichiometric point defects, incorporation
Fig. 5 a Low magnification
TEM image of ZnSe nanobelt.
(b and c) HRTEM image and its
corresponding FFT pattern of
the ZnSe nanobelt grown along
[110]
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of impurities and structural defects such as twin and
stacking faults (Basu et al. 2008; Philipose et al. 2008).
TEM studies on several such nanostructures grown at dif-
ferent temperatures have not shown the presence of struc-
tural defects such as twin and stacking faults. In our
studies, nano and microstructures were grown at high
vacuum; hence the effect due to incorporation of impurity
has been lowered. Hence the strong DL emission may arise
from non-stoichiometric point defects formed due to high
growth temperature. Further it is observed that the intensity
of DL emission peak was found to increase with the source
temperature as a result of increase in the non-stoichiome-
tric defects with respect to source temperature.
Growth mechanism
A wide range of nanostructures have been synthesized by
vapor transport methods using horizontally aligned tubular
furnace (Ye et al. 2004; Leung et al. 2006). The mor-
phology of grown nanostructures was found to vary with
source temperature, substrate temperature, partial pressure,
carrier gas flow rate and nature of the starting material and
catalyst (Jin et al. 2007; Zhai et al. 2007). Different growth
mechanisms such as VLS, VS and VSS have been pro-
posed to explain the growth of these nanostructures (Hu
et al. 2005; Leung et al. 2006). However, in the horizon-
tally aligned tubular furnace both the substrate temperature
as well as the supersaturation ratio decreases from the
center to the edge of the furnace, resulting in the growth of
nanostructures with different morphologies at different
regions of the furnace (Ye et al. 2005). As these two
parameters (substrate temperature and supersaturation
ratio) are interdependent on each other in a tubular furnace,
their effect on morphology cannot be investigated inde-
pendently in this technique (Ra et al. 2008; Ma et al. 2003).
In our study, the effect of supersaturation and substrate
temperature on morphology has been investigated sepa-
rately. ZnSe powder with different morphologies was
grown on Si substrates in a single experiment. The nano
and microstructures grown at source temperature of 850 C
are shown in Fig. 2. Microstructural and compositional
analyses ruled out the presence of catalytic particles on the
tip of the grown ZnSe nanostructures and hence the growth
of the nano and microstructures occurs by VS growth
mechanism (Leung et al. 2006). The growth of nano-
structures with different morphologies on the Si substrates
at a constant substrate temperature is explained based on
Fig. 6 a STEM image of ZnSe
nanobelt. (b and c) Elemental
maps of zinc and selenium
recorded by EELS
Fig. 7 Room temperature PL spectra of ZnSe nanostructures grown
on Si substrate at different source temperatures (850, 900 and
950 C). The magnified image of PL spectra corresponding to NBE
emission is shown in the inset
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variation in the incident flux of ZnSe. Considering evap-
oration of ZnSe from the orifice (dA) of tantalum boat as a
point source, incident flux at different position on the
substrates was evaluated as shown in Fig. 8 (Mahan 2000).
The beam intensity JX (s
-1 sterradians-1) of the ZnSe
source is given by Eq. (1).
JX ¼ zdA cos hp ð1Þ
where h is the emission angle, z (impingement rate) is
given by z = p/(2pmkT)(1/2), where p is gas pressure, m
is mass of the particle, k is Boltzmann’s constant and T is
source temperature. The incident flux (Ji) on the substrate
placed at a distance of h from the center of the source is
given by Eq. (2).
Ji ¼ JX cos b
h2
ð2Þ
where b is the deposition angle and h is the distance
between the source (orifice) to the point of interest on the
substrate. Incident flux (Ji) will be maximum at region I
(a1) directly above the orifice, and the incident flux (Ji)
decreases as a function of cosb, from the center to the
edges (a2). The supersaturation ratio (S) at a point on the
substrate is calculated by Eq. (3).
S ¼ Ji
ZeqðTsubÞ  1 ð3Þ
The supersaturation ratio (S) will be very high at region I
as shown in Fig. 8 and decreases in similar manner to that of
incident flux from region I to region II. Hence the formation
of ZnSe with different morphologies in a single evaporation
process is attributed only due to the variation in
supersaturation ratio. The high supersaturation in region I
resulted in the growth of microcrystal, whereas low
supersaturation in region II gives rise to the growth of
ZnSe nanowires and nanobelts by VS mechanism.
Evaporation of ZnSe at different temperatures such as 900
and 950 C also resulted in the morphology similar to the one
grown at 850 C. It is observed from the present work that the
morphology of the grown nano and microstructures of ZnSe
was found to be highly dependent on the supersaturation ratio
rather than on the source temperature in the investigated
range 850–950 C.
Conclusion
ZnSe nano and microstructures were grown in high vacuum
by thermal evaporation process. SEM observation has
shown that the morphology of grown structures was found
to vary with supersaturation ratio at same substrate tem-
perature, and high and low supersaturation ratios resulted
in the formation of micro and nanostructures, respectively.
Our investigation has shown that the source temperatures
(850–950 C) have less influence on morphology. TEM
studies have shown that the grown nanobelts and wires are
single crystalline in nature. Room temperature PL spectra
of the ZnSe nanostructures have shown intense DL emis-
sion, and its ratio of DL to NBE emission strongly depends
on source temperature. This modified high-vacuum thermal
evaporation setup can be employed in future, to grow
single crystalline nanostructures of other semiconducting
and topological insulator materials.
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